Abstract-In this paper we propose the modeling and simulation using Comsol 3.5a of a microfluidic chip, capable to run several tasks such as focusing, mixing, sorting and trapping nano and microbeads.The microfluidic chip, based on Polydimethyl siloxane (PDMS) and Polyethylenenaphtalate (PEN), is cost effective, flexible and totally biocompatible. The fluidic part is controlled both by pressure driven flow and electrostatics. The manipulation of the beads is purely electrostatic and it is based on a mixed approach: electrophoretic (EP) and dielectrophoretic (DEP). The simulations are run in Comsol 3.5a using basically the MEMS module. The nano and microbeads used are metallic (gold) and dielectric (polystyrene, fused silica).
INTRODUCTION
In the last two decades microfluidic systems have gained a very important role in many research fields. Integrated microfluidic systems, generally called "micro total analysis systems" (μTAS), have demonstrated to be extremely powerful as biological essay platforms.
DNA sequencing, polymerase chain reaction (PCR), electrophoresis, DNA separation, protein analysis, immunoassay, cell counting, cell sorting, and cell culture are some important tasks which have been successfully integrated on microfluidic lab-on-a-chip (LOC) [1] [2] [3] [4] [5] .
The miniaturization of the analysis systems allow to use smaller quantities of reagents and speed up the time process. In addition the power consumption decreases as the electric potential applied is smaller. Those reasons make microfluidic systems attractive and potentially portable for in-situ analysis [6] . In order to enhance the reactions and facilitate the signal collection and processing, micro and nanobeads have been integrated [6] in LOCs because they are a powerful reagent support as they show a large surface area, can be easily functionalized and show a high chemical and mechanical stability; in addition they can be easily manipulated and placed in desired places within the microfluidic chip.
We report here the design of a microfluidic holder and the modeling and simulation, using Comsol 3.5a, of a microfluidic total system analysis, completely based on flexible cheap polymers, easy to fabricate, biocompatible and cost effective, capable to manipulate micro and nanobeads.
A conventional medical syringe provides the pressure driven flow. The focusing flow is obtained by lateral flow.
The electrodes are directly obtained depositing and micromachining a thin metal layer on PEN.
The micromachining of the electrodes is obtained by metal laser ablation, directly writing the electrodes on a metal thin layer deposited on a glass substrate.
The external electrical signals are provided to the lab-on-achip by a custom inexpensive patch clamp holder, designed and realized using a PMMA block, a commercial drill, a PCB and pogopins.
II. HOLDER'S SETUP
The microfluidic chip is interfaced by a custom PMMA patch clamp holder, figure 1. The liquid is supplied by a syringe pump (Braun Perfusor Space) and by a peristaltic pump (Rainin RP-1 double channel) so to get three controlled liquid The holder has six access holes (1.25mm of diameter) obtained by drilling the PMMA for liquid supply, sealed by PDMS rings. The connection with the pump tubing is made by commercial connectors, tightly fitting into the access holes. The electrical signals are provided by interfacing the substrate of the microfluidic chip to a small PCB placed on the top side of the holder. The electric contact is ensured by placing gold pogopins in contact with the PCB pads and the substrate ones. The pogopins are 1.15 cm long and the maximum travel length is 0.15 cm therefore the circuit holder thickness is set to 1 cm. The microfluidic chip is tightly clamped between the upper part of the holder and a bottom cover with an M5 Teflon screw set.
III. MICROFLUIDIC CHIP DESIGN AND FUNCTIONALITIES
The microfluidic lab-on-a-chip is designed to be easily and rapidly configurable according to the needs. The design proposed includes a set of operations: mixing, focusing and trapping. Each of these operations is carried out thanks to a specific circuit layout. The combination of these functionalities is decided at the moment of engraving microfluidic channel layout and electrodes.
The microfluidic channels are obtained by soft lithography of PDMS. The standard height of the channels is between 8μm and 15μm, special height of 100 to 300μm can be achieved by SU-8 standard photolithographic technology. The complete fabrication routine for the microchannels fabrication is shown in figure 2 .
The microfluidic channels molding is obtained by spinning a thick layer of positive photoresist SPR220-7.0 (8 to 15 μm depending on the recipe) on a 4 inches borosilicate substrate. The photoresist is then ablated by laser direct writing using a 1064 nm YAG laser, which does not affect the glass substrate. The minimum channel width achieved is around 20 microns. The direct laser writing technique allows a fast prototyping and cost reduction of the microfluidic chips. UV lithography also allows good results but the minimum channel width is then 40 microns due to the resolution of the photolitography mask printer. It is furthermore possible to fabricate 100 to 300 μm height microchannel using SU-8 2050 photoresist and the 1:10 aspect ratio must be respected leading to a wider channels result. Once the microchannels' mold is ready, the second step is pouring PDMS.
Usind the Sylgard 184 kit by Dow Corning, the polymer is mixed with the curing agent in a proportion of 10:1. Once poured, the PDMS is cured during 30 minutes at 70ºC. After the curing step, the PDMS is gently peeled off the glass substrate, washed with acetone and rinsed with water.
The access holes (fluidic and electric) are made using a 2 mm biopsy punch; the excess of PDMS is cut off using a sharp knife. The second part of the microfluidic chip, where electrodes lay, is made in PEN, which is a flexible, transparent and cheap plastic substrate, resistant to acids and biocompatible. The PEN is very suitable for metal deposition thanks to the high adhesion it shows. The PEN is spin coated with a photoresist. The patterns of the electrodes are directly engraved on the photoresist using the YAG laser to reduce the cost of photolithography masks. A thin metal film (generally gold) is deposited using an UNIVEX Magnetron Sputtering. After the deposition, the excess of metal is lifted off by photoresist wet etching.
Once the upper and lower sides of the microfluidic circuit are ready, they are irreversibly bonded by plasma oxidation of the PDMS and thermal treatment. Furthermore are described and analyzed some basic operations lab-on-a-chip can perform. The layouts are depicted and simulated. They can be combined into the microfluidic designing process according to the final needs.
The basic operations the chip is capable to run are: mixing and focusing the fluid flow and trapping and releasing micro and nano beads by electrostatic traps. For each operation is proposed a layout and the performances are evaluated by multiphysic simulations. The multiphysics simulations have been run using Comsol 3.5a, coupling the equations of the following modules:
-Incompressible Navier-Stokes (mmglf) -Conductive media DC (emdc) -Convection and diffusion (chcd).
A. Electrostatic mixing
Mixing fluids at micro scale results to be very difficult because of the absence of turbulences due to the low Reynolds number and the laminar flow make the interfacial area of contact between molecules difficult to increase. Although it is sometimes necessary to efficiently and rapidly mix up two or more reagents [7] within a lab-on-a-chip, therefore mixing at micro scale becomes an important and difficult task. Several solutions have been presented during the paste decades [8] [9] [10] [11] . The mixer implemention proposed for the microfluidic lab-labon-a-chip is based on electrostatic interactions with the laminar flow [8] .
The layout of the mixer is based on a Y-shaped microfluidic circuit. Four electrodes are placed in the vicinity of two inlet channels exit and they are biased with an AC voltage of few volts and few hertz, figure 3. In the model the two inlets are not represented. It is assumed at the entrance of the main channel, the flow is completely laminar, therefore the inlet boundary condition is given as the half-upper part of the inlet carries a C0 = 1mol/m 3 of reagent and the half-lower part of the stream carries a C1 = 0 mol/m 3 . At the four electrodes is applied an AC voltage. These conditions make the surface of the microchannels to charge. The accumulation of charge at solid-liquid interface is commonly known as electric double layer [19] , which generates an electroosmotic flow, in this case locally turbulent.
The electroosmotic flow exerts a force on the charged solution close to the walls. The result is a flow in the direction of the electric field. The Helmotz-Smoluchowski equation [12] (1) describes well the velocity of the liquid flow in function of the tangential component of the electric field:
In the equation (1) ξ W is the fluid (water) electric permittivity (F/m), ζ 0 is the zeta potential of the walls of the channel, and for PDMS it is -23.1mV [13] , η is the dynamic viscosity of the fluid; at the walls is also applied the boundary condition of electroosmotic flow, taking in account the electric field at the boundary and the frequency of the voltage applied. These equations are valid on all the microchannels' walls, except the inlets and outlets.
The results applying an electric potential of 2.5V at 10Hz is shown in figure 4 . The fluid flows from left to right. The figure 4a and 4b show flow trajectory at t=0.025s, t=0.075s. The trajectory of the fluid flow denotes an important swirling in the middle of the channel due to the electrodes' action. Due to the frequency, the rotation of the vortices changes with the time.
The fluid stream is stretched and folded several times due to the oscillation of the voltage applied. The laminar flow is locally perturbed resulting on an efficient and fast mixing of the fluid coming from the upper channel with the fluid coming from the lower one. The design of the microchannel is not affected. Only the electrodes design is taken in account to implement the mixing functionality. Figure 4c depicts the electric field inside the microchannel while figure 4d depicts a particle tracing plot in order to evaluate the effectiveness of the mixing process. From the simulation, a complete mixing is achieved in the range of 100ms.
B. Hydrodynamic focusing
In a microchannel the laminar condition of the flow is sometimes a limitation. Hydrodynamic focusing takes profit of this behavior by confining the main flow in the center of the channel introducing two lateral flows (and often an upper and lower flow) [14] in order to get the desired width of the central flow. A focused is central for many applications within the flow and particles' manipulation in a microfluidic lab-on-achip, such, cell counting, and sorting [15] , trapping and ordering [16] .
The layout for hydrodynamic focusing presented in this work consists in two 30º tilted side flows coflowing in the main microchannel stream, with controlled fluid velocity by digital syringe pump.
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Where w is the desired flow width, w 0 is the channel width; v i and v f are respectively the fluid velocity of the main inlet and the total lateral fluid flow of the focusing inlets. Equation (3) clearly shows the independence of the fluid focusing from the magnitude of the inlet. One can deal with fluid mass flow, pressure or velocity and the prediction is not affected.
The typical fluid velocity value applied is around 0.5mm/s. In order to get a 2μm central fluid stream in a 40 μm microchannel, the side focusing fluid velocity should be adjusted around 20mm/s.
In figure 5 are shown some simulation results. The fluid velocity of the side channels is from 0.5 to 5 times higher than the mainstream fluid velocity (0.5 mm/s). The microchannel width is 40μm; the focused flow obtained goes from 20μm to 3.65μm, figure 5a, 5b and 5c. Figure 5d is a parametric plot of the focused centered flow in the channel 50μm away from the focusing area.
C.
Electrostatic traps of micro and nano beads. Particles and cells suspended in the fluid flow can be manipulated by applying a potential to specific sets of electrodes. Particles in colloidal form are usually charged. The surface charge makes the particle to interact with the electric field applied. Two main forces can take place in the trapping and releasing process: electrophoretic force [17] and dielectrophoretic force [18] .
The solution proposed in this work is based on interdigitated electrodes. It is assumed the gravity is negligeable as the particle density is close to the fluid's one (1.05g/m 3 ). The electrophoretic trapping consists on applying DC voltage to one electrode. The particles dispersed in the fluid have a surface charge. According to the Smoluchowski double layer theory [19] , the electrostatic Coulomb force exerted by the electric field on the particles is:
In equation (3) r is the radius of the particle ε w is the permittivity of the liquid buffer, ξ P is the zeta potential of the particle and E the induced electric field. The electroosmotic velocity of the particle, due to the electric field is:
In equation (4) η is the dynamic viscosity of the liquid. In figure 6a are depicted the particle tracing streamlines. The particles are trapped by the bottom electrode when activated.
In figure 6b is plot the electroosmotic velocity of the flow. The arrows clearly depict the particles are dragged towards the bottom area where the electrode is placed. The maximum force exerted on a 3.3μm polystyrene bead is 5.3e-9[N].
The dielectrophoresys (DEP) is a phenomenon involving micro and nano particles in a fluid interacting with a nonuniform electric field that induces on the particles a polarization charge [20] [21] [22] . The intensity and the force field depend on the voltage applied, frequency, dielectric properties of the particles and solution and electrodes configuration.
The movement of the particles towards the strong electric field is generally called positive dielectrohoresys (pDEP) [23] ; the movement towards the opposite direction is called negative dielectrophoresys (nDEP) [24] .
Applying an AC voltage to a set of interdigitated electrodes, the force exerted on a dielectric particle is:
In equation (5) ε m is the dielectric permittivity of the suspended medium (F/m), r 3 is the particles radius (m), E 2 is the root-mean-square (rms) of the electric field (V/m) and Re(K(ω)) is the real part of the Clausius-Mossotti factor.
The Clausius-Mossotti factor is:
where ε * m and ε * p are respectively the complex permittivity of the medium and the particle calculated as:
where σ is the conductivity (S/m) and ω is the angular velocity (rad/s). Re(K(ω)) is plotted in figure 7 . When Re(K(ω)) value is positive it means the polarizability of the particle is greater than that of the liquid and the resulting net force is positive and it is called DEP force (pDEP). When Re(K(ω)) is negative, the particle experiences an opposite force, therefore called negative DEP force (nDEP), which pushes it away from the electric field. The limit case, when the Re(K(ω)) is equal to zero, also means zero force, therefore the particle remains stationary.
In the simulations the results for an AC signal applied of 15 volts at 1 MHz show a maximum nDEP force of -4.194e-10(N) exerted on a 3.3μm polystyrene bead in deionized water, figure 8a .
Applying an AC signal of 15 volts at 100kHz, the maximum nDep force exerted on a 3.3μm polystyrene bead is 1.186e-9(N), figure 8b. 
IV. CONCLUSIONS
The work presented in this paper is aimed to report the design and the multiphysic simulations of a cost effective microfluidic platform with liquid and electric interfaces with a flexible, biocompatible and versatile microfluidic lab-on-achip. The interface platform allows fast and versatile connections. The electric signals can be collected and applied by a simple PCB interface and pogopins connections.
The microfluidic lab-on-a-chip can perform the most important functions for the manipulation of particles in fluid streams. Each function has a standard layout. At the moment of the device fabrication by direct laser writing, the overall layout can be decided on demand.
The results obtained from simulations show a rapid and efficient electroosmotic mixing in the hundred of milliseconds range. It is possible to easily focusing a flow by adjusting the lateral flow inside the channel. Therefore the particle focusing, sorting and counting can be easily performed thanks to the electrode sets available. Electrodes also provide a powerful trapping device, based on electrophoretic or dielectrophoretic trapping and release. The particles and cells can be trapped and optical measurement can be run on the trapping sites.
